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In this paper we evaluate the worth of a seintilletion 
eounter es en instrument to measure geome ray dosszge}; 
i.e@., the energy sbdsorntion per unit mass. Data rere 
ebtained by calculations from differential pulse 
height spectra obtained with nesrly monoergic sources 
in the 6.2 to 3 Hev renge; end comparisons of aversge 
secondary electron onergy with that theoreticelly 
expected ere made. Alse dosages calculated from the 
erystali output ere compared with that obtseined from an 
ion chember,. 

It is coneluded (on theoretical grounds) that 
organic ecrystels are such better suited for dosage 
measurements than inorganic types; and (on experimental 
grounds) that as the gemme ray energy is incressed the 
finite size of the crystal esusesa the tverage secondary 
electron energy (and therefore the expected dosage) to 
decrease. This is exvolsined by "leakage"; i.¢., efge 
effeets of the erystal. One can decrease this effect 
by surrounding the erystal in en esir-equivalent medium 
such es lucite whith reflects the secondary electrons 
beck inte the eryatal. 

Other experimental conclusions are: (xn) Lueite 


light pipe end reflectors ezsociated with the seintillator 
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heve little effect on dosage, (hb) Hemoval of photons 
from the beam, though en appreciable effeet, can 

easily be computed and thus corrected. (e) Plural 
eeattering effects in the erystals used are shown to 

be relatively unimportent. (4) Dosage detersinations 
with the seintilletion eccunter using our experisentel 
set-up sre gocewhat indeterminate dave to the difficulty 
in determining ta window wicth of the differential 
adiserinzinator,. However veliues of dosage obtsined are 

in reesoneble sgreement vith these obtained from the 
conventional ion chamber. (e) A velue of the gaume 
energy of radium whieh is «& weighted average of the 
vsrious energies secording te ebundance is experimentally 
determined, If meaningful it indicates thet the garwa 
speetrus of radius is somewhat more energetic then 
indicated by the seectrum commonly accented, It is 

felt, however, thet these results sre not too signifiesnt, 


due to the teterogeneity of the redium spectrua. 
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I. FRTROLUCTIOR 


A, Statement of Problen and interest Therein. 

All measurements of gemma rey dosage have, for 
years, been based on the alr ionization chansber, for 
it can be simply made and rather easily celibrated to 
read dosage in roentgens. Of course, there are many 
survey instruments in current use which ostensibly 
read dosage rate, but these sre usually counter tubes 
with output connected to an RC integrating cireuit so 
as to give a DC current roughly proportional to the 
intensity of the radiation incident thereon. These 
are usuelly calibrated with the heterogeneous gamma 
spectrum of a standard radium scurce and are therefore 
of little value in obtaining an accurate estiaate of 
roentgen dosege for seurcesa other than radium. 

4&4 more comprehensive treatment of the meaning of 
*dosage”™ makes the reason for the preceding statement 
obvious and is to be found in Seetion II-A-2, 

Hany of the usual reculrements of medical and other 
research physics «ere incompatible with the inherent 
charecteristics of lonization chambers. &meall sise ion 


chanbers are desired in order that "good" geometry may 
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be obtained, or that s quantitstive meesure of setivity 
leealized in a smell eres, and the exact cosition of 
thet amell saree, be obtained, However, when we try to 
meet the small size reculrements, we find thet the 
exposure time must be very lone tn order to get en 
eecurete reading of dosage and to obtein dorsage rate 
therefrom. For exemple, the smell Victereen chamber 

is a very convenient size, but reads £50 roantrens 

full seple. For the usual treeer dose in medical 
physics where the dosege to he messured is of the order 
of 10 mr/bhr or less, it is cleer that tie length of 

time to obtein a reasonable secele reeding is prohibitive. 
If one finds a chember whieh has 2 reasoneble senia, 
{.0., 200 mr full seale or less, the physical dimensions 
ere ant to be ten times larger than the ares to be 
localized. 

Thus we see that a need exists for 4 small yet 
efficient instrument for desere measurenents. The use 
of a seintillation counter for this purrose was suggested 
to the evthors by Dr. Gerald J. Hine of the Redioactivity 
Center, ¥.I.T., and with his advice and encourngment, 
this investiextion was begun. The ameallness of the 


seintillation eryatel would permit good “loecnlization® 
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of an activity, or its use in a “goed geonetry 
experiment, while its censity, which ig meny times 
thet of rir, would renéer sweh more effictent seanling 
of the rediation ineicent thereon, permitting wore 
repid meesurements of Cosage end dosege rate with 
emeli activitics. 

Recent authors ()) have steted thet orgaznie 
secintilletors "should be reletively fair-eculivalent!" 
in the region shove 00 Eev, i.e., the domein of nost 
yoome emitters. We shell show thet the estetement is 
epgier ssid then denonstreted. The meening of the 
term fair-ecuivalenee"™ ond ite sieniftieesnce for thie 


problem sre discussed in Section II. 


E. Hetheds of inproceh. 

It weuld be very convenient to heave a compect 
inetrument which would cause s needle to defleet an 
asount proportional toe the dosage rote at the inatrument 
prohets position. The initial efforts of the suthors 
were slong this line, and leé deeper and ceerer into 
an electronic mornaas, until the electronic complications 
threatened to obscure the physical crincivles involved 
in obtaining & dosege mensurenent from @ scintilletor, 


At length it wes ratner cenclusively shown that the 
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electronic euuisment under experimentation would never 
be able to do the job with en error satisfactory for 
research work, <A eomprehensive eveluetion of the 
circuitry involved is presented in Section IITI-s. 
Therefore, in order to by-pass the electronic 
aifficuities and investigate the physics! feasibility 
of dosimetry with a scintillation counter, the trouble- 
some perts of the electronic cilreuit were removed and 
replaced oartly with other types of electronic ecuiyment 
and partly with two human beings. The suthors realize 
thet this is a bit far efield from the original Cesire 
for « "needle deflection". However, the determinations 
wede and results obtezined ere besic to the srobles, 
¥e shall leave the development of electronic cireultry 
to the electronic experts if the experimental physieal 
determinations prove favorable to scintillation dosimetry; 
the reader is referred to Gection V for our conclusions. 
kh complete discussion of the final ecuipment and its 
menner of operation is to be found in Section III-B; 
while the results obtsined therewith are to be found 
in Beetion I¥V-4 et seq. Before proceeding to the 
experimental side, however, we sust review a considerable 
amount of theory regerding the ganar ray interactions 


with satter. 
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Il. THEORETICAL BASTS POR THE PROBLEM 





A. Basic Consideretions. 

1. Effect of Gemen Rays on Matter. 

In considering a problem involving the "dosage" 
due tO gamma redistion, it 1a first necesseary to review 
in genersel the saechenisms by whieh gammes interect 
with matter end now these interactions pertein in 
particular to the problem at hand. First of ell, 
what is *dosege"? 

Physieelly speaking, tne end result of all gamma 
interactions in matter is fonization of the srtons 
therein. Physiologically speeking, the fenization of 
matter is a disruption of the constituenta of the 
matter and in it is contained the danger te health; 
in it is the manifestetion of "dese", This fonization 
requires onergy supply, and the gamma been is the 
source thereof. The preduction of ion-pairs is net, 
however, in one-to-one correspondence with ganna- 
eleetron collisions as one might neively think. Indeed, 
@ single gemma-electron collision produces one fon-pnair, 
but the electron member of the pair lus e large energy, 


on the average roughly half thet of the incident gaman 
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ray, or in the domain of thougands of eleetron-volts, 
Since the energy reguireg for the sreduetion of an ien- 
peir in material sueh ae air or tissue is of the order 
of tens of e¢leatron-volts, the energetic electron 
resulting from a single gamme~-slactron collision ean 
and dees produce many other ion-pairs, until ite energy 
is fully expencged. It is by this process, the stean-by- 
atep dissipation of the energy of the "secondary clectrons*® 
ss the energetic fellows are termed, thst the energy 
absorbed from the gemma ray beaw is transleted into 
1onization in the material. 

£. The Roentgen, 

The froentgen" is the unit of dossge, and expresses 
the measure of gamma ray effeet on matter in tarms of 
the lonisetion discussed above. A roentaen is éefinea >) 
as "that cuantity of a or gamma rediation euch thet 
the essoelated ecorpusculrr emission per 9.601993 em 
of air produces, in air, Lons cerrying one electrostatic 
unit of cherge of slectricity of either sign". 

The corpuseuléer emiasions referred to in the definition 
are the “secondary electrons" of our terminology. The 
quantity of air is 1 ce of dry air at 0° © and 760 mm 
ig. inee 1 esu = £,083 x 10° ion-pairs, 1 roent«een 


produces 1,61 x yolt fon-eairs ser groom of sir, If ean 
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rey, Or in the domain of thousends of eleetron-volts, 
Since the energy FecuilredG for the production ef en ien- 
peir in material such a¢ air or tissue is of the order 
of tens of e¢lectron-volts, the energetic electron 
resulting from a single gamme-oslectron collision ean 
and does produce many other lon-pairs, witil its energy 
is fully expended. It is by this process, the stan-by- 
step dissipation of the energy of the "secondery electrons? 
ss the energetic fellows are termed, thst the energy 
absorbed from the gemma rey beaa is transleted into 
fonization in the material. 

S. The Roentgen. 

The *froentgen" is the unit of dostzge, and expresses 
the measure of gemma ray effeet on matter tn tarms of 
the fenizetion discussed above. A roentaen is éefinea >) 
as “that cuantity of me or gauma rediation eveh that 
the essociated corpusculnsr emission per 0.001993 em 
of air produces, in air, lons cerrying one electrostatic 
unit of cherge of slectricity of either sign". 

The corpusculér emissions referred to in the definition 
are the “secondary electrons” cf our terminolegy. The 
quantity of air is 1 ee of dry air at 0° © and 760 om 
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uge S&inee 1 osu = £.083 x 10° fon-pairs, 1 roenteen 


produces 1.61 x 19t® lon-peirs per gran of sir, If an 
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average of 32.5 @.Vv. is expended (4,5) then 1 r 
corresponds to 5,24 * 10° lkev/gm of air, We shell 
nave occasion te refer to this number leter, 

It should be noted that cesage is inderendent of 
time, due tu the definition of the desnge unit of 
roeentgens; therefore geman rey dosage rates sre given 
in reentgens/unit time; e.g., mr/hr = mllitroentgens 
cer hour. Also of importance is the concert of cosage 
rete a3 & measure of ionization intensity end not a 
MensuTe OF gogme intensity, for the reasons discussed 
above. 

3. Production of Eeeondary Flectrons,. 

The firat process encountered then in the production 
of dosage by gawma radiation is the preduction of the 
zecondary electrons. Uere we encounter the well-known 
threefold process of importence in this preblem by 
Whaich gamne rays interect witk electrons in matter: 
(a) Compton collisions, (b) photevlectric effect and 
(ce) pedir production. se have referred above to gauma- 
eleetron collisions, « term which is descriptive but 
not essentially true exeest for (a). In the Coapton 
process, the gemman photon may be considered as a 
relativistic “cua ball" colliding with « free object 


bell at rest, witn the usual consecuences of billiserd 
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ball collisions; i.e., transfer of energy with 
conservation of totesl sass-energy end momentum. In 
the photo-effect, the gamme may be considered as 
being swallowed whole by an atom, which then ususlly 
relieves itself by disgorging an eleetron with energy 
eauel to thet of the gemane ray minus the electronic 
binding energy. In pair production, en interaction 
explaineble only in quantum terms oeeurs, in which a 
gemma ray, finding itself in the intense fields in 
the immediate vieinity of & nucleus, becomes so confused 
thet 16 commits cuentum suicide and is reincarnated as 
& positron-electron pair, which shasre an amount of 
energy ecusl to that of the gamma ray sinus the rest 
energy of these particles (1.02 Hev),. 

fli three of the above effects can snd will occur 
in all materials, end (exeept for peir preduction with 
its mass-energy threshold of 2 a,c" = 1,0f wev) for any 
energy gsmme rey. Happily, it frequently heppensa that 
one effect predominetes to the nesr exclusion of the 
others, when one considers « particular meterisl and 
& perticular range of gamma energies. Yor exanple, 
for lov gamma energies, in the domain less than 100 
Kev for materials of moderete to high atomic number, 


the rhotoelectric effect predominetes. For high gamma 
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energies, say above 35 #ev, and for high atomie number 
material, pxir production predominates. Finally, for 

the grest middle range of gemee energies and for msterials 
of lew atomic number such as air and tissue, the Compton 
effect predominates. 

4. Secondery Electron Intereetions. 

Having seen in genernsl how the energetic secondary 
eleetrons are produced, let us see how they produce the 
lonizetion, i.9., the real “dosage”. At tuis point 
comes the basic stumbling block in our problem. In air, 
(thet is, in the medium for whieh dosege units sre 
@efined) the energy of the secondary eleetrons 15 eon- 
verted into fonization by « series of "soft billiard 
ball® collisions. That is, the cue boli (secondery 
electron) loses a little bit of ite energy in each 
ionising collision with a molecule, wntil it 1s all gene, 
efter whieh we heve a medium filled with fons, positive 
or negative, floating sround. In en fonization chamber, 
the collecting eleetrodcer then resove the charged particles. 
If no oleetrodes are present, recombination very shortly 
ececurs. The totel number of ion-peirs is preportionsl 
to the energy of the secondary electrons, since as pointed 
out above, the energy required for production of sn ion- 


pair is roughly eonstent at sbout 39.5 e.v./ion-parir. 
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For this reesen, one eran eske en sir tonizgetion 
chamber which eolleetn the ton-vairs foracd, neasures 
their totel charge end therefore hes o mersure of dossge. 

In & scintilletion erystel, however, one does not 
collect any charge and measure it. Indeed, the mechanisn 
of the seintillator is complicated and has not been 
fully investigated (6) | Surfice it te say thet the 
ionization which secondary electrens produce in the 
orysteal causes a flash of visible light (or in the near 
ultreviolet range), “hich, in snthreeene, has been 
shewn to produce 4 photeprultipliler voltage pulse oro- 
portional in amplitude to the energy of the seeondery 
alectron initiating it (7,8) | Thus we se6 that the 
final effect of gaman irrediation of a seintilletor is 
entirely different from tho effect in sir, in terms of 
which @osage is defined. Nevertheless, if we cen obtain 
an measure of the light intensity by the voltzsge oulses 
it sreduces, we have @ nensure of the rate of energy 
absorption from the gomme ray inte the secondary eleetrons. 
If then the energy spectrus of the seeondary electrons 
produced in the seintillstor is the same as, or 
approximates the energy spectrum of the secondary 
eleetrons produceé in air, we have & measure of the 


"dosaze" wnles the sane gama intensity would produce 
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on & ce Of eir at tne scintlilator's pesition, for 

tae ionisation preduced in air is gise proportional te 
secondary electron energy. there are, of course, a 
few complicstions, which will be considered in due 
course of tais pauper. 

We shell see later how one goes ebout measuring 
the number and amplitude of the pulses due to the Light 
fleshes and obtains « messure of dosage therefrow. 
Before tnat, there is a criterion to be applied which 
determines tae type of seintiliator appropriate for the 
stated purpose. 


le Helaetion of Average Lmergy ef Secondary Cleetrons 
to Dosage. 

Since the energy of tite seecondsry eleetrons produced 
by tue photons in the seintilletor is releted to tie 
energy «aoaorbed from the gunge Seam anc thus to tae 
dosage, it is of interest to caleulate the variation 
in the aversge se¢ondary electron energy produced in 
a given sateorial vy the variation of gamma energy. 
Beceuse dosege is defined in terme of charge produced 
in air, we wlil determine this variation for air, 


untarecene, and sodius Lfodide. Tne exnolee of anthracene 
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and sodium iodide erystuis for tia cetermination is 
dictated by the fect thet tuese ere the two erystais 
most used in seintillation eounting today; antareeene, 
she organic type; sodium ledide, the inorganic type. 
Anthracene being & hydrocarbon, one would expect that 
it would be "air-equivalient"; that is to say, over the 
range from 0.1 Kev to 10 ev one would expect that the 
Compten effect grestly predominates over the vhotoelectric 
effect and pair procuction in materials of iow atoale 
number, For such @« condition, it wiil be shown thet 
the averige secondary electron energies are identical 
for the materisis setisfying it. Conversely, since 
sodius iodide is inorgenic anc contains elements of 
moderite atemic number, one would expect such a crystal 
to be "air-ecuivalent® only over a much reduced range 
or not at sil. It is enticipated that sodium Ltodide 
will be inherently unsuitable fer gummu rey cosimetry 
necsuse of its Laek of "air-equivalence®™, 
©. Formule for averege nergy of Gteeondery flectrons. 
ow then does one find the average energy of the 
secondary electrons? %e shell consider first that the 
gemGA energy 1S a continuous variable, producing secondery 
electrons in # smell thiecmness. From such a determination 


we gsheil izter show how en effective averesge secondary 
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electron energy ean be ottained for a narticular source 
and finite eryatal thickmess. 
Let FE = gamme rey energy in Kev. 
‘ = number of photons/em*~see of energy Ry 
incident on astertel considerad, 
A @ effective srenz of incidence Com”) . 
= total Compton cross section in em” /slectron, 
qd” = Compton absorption cross section in 
en*/electron. 


OO” = Comnton Linesr ettenuation coefficient 
L 


in em. 
co = Compton linerr absorption coefficient in 
en“, 


T = photoelectric linesr attenuntion eoefficient 


in en7t e 


K = pxir nreduction Linear attenustion 


coefficient in en”), 


“wom total linesr attenurztion soefficiont in 


ent 


w. = Linear eabsorotion coefficient in em7+ 


= S © 7 *H. 
W = binding enerry of "K" aleectron. 
(10) 


Then the energy/see absorbed in a thickness dx 2 the 


tots] energy/see of the secondary electrons = Ft 
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Be = nAdsx [oz + Tv (é y -~ *) + KE, - ea,e*)| (LIi-~B-1) 


whera m1.e sid qnevey equivalent of 2 electron rest 
masees. Let the guabar of secondary electrons oreduced 
per sec 2 N; then 

R= nAdx( T+ T + K) = pnadz (II-8-2) 


Thersfore the average sclectron eneryzy is 


“p TE + VT (Rh = Ww) + KCB, - 1.08 Bev) 
eee Se . RS th. BA. Bt! 


‘ {TT ~R~3) 
&V B re Te K 


It is of interest to consider the magnitude of # 
for the materials of interest, remembering our minisus 


By 2 0,1 Mev. 


wo tlew 


Siesant bid 
B Neclirible 
C Negligible 
5 Mogligible 
6 Wegliscible 
MA 1.07 Kev 
I 33.2 Kev 


3. Caleulation af &£ttenueation and Absorption 
Coeffielants. 


In order now to compute Day ss 2 function of oy 
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for each materiel, one must first find or compute values 
of 5, Of, T, Ks. See Appendix A for these computations 
and the results. 

4. Comments on Computed Gecondery Electron 
Aversge Snergy. 

Yow heving the required attenustion and ebserption 
eoefficients we can return te formule (II-B-1) and 


cosnute Eay for E in the range G.1 Bev to 10 Mev. The 


results of these aaieedaemn are displayed in Pirure 1. 
Fisure A-l, &@ plot of computed pw over the renge of 
interest is ineluded for use with lLeter theory recuirements. 
Kere we see thet snthreeene is theeretically truly "air- 
equivalent" from O.f Kev te & Kev, while sodium iodide 
devisetes widely from the sir eurve for x, Cl tev. We 
note thet even dewn te 0.1 Bev, anthr«eene is theoretically 
substentially "air-equivalent", 
From the ebove theoretical calculetion, it was 
decided that sodium fodidce and other inorgenic erystels 
hed average electron energies far greater than air for 
EY C1 Rev, since the secondary electron energy for 
nhotoelectric absorption is EY - W whiten is far greeter 
than Sin, at low energies, (for E_ = 0.1 Kev cB 0.14) 
oy , Y rae 
and would thus give too great 2a measure of dosage. Thus 


the rewainder of our metsurements and theory is bared on 
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Figure | A 
THEORETICAL DEPENDENCE OF SECONDARY 4 
4 ELECTRON AVERAGE ENERGY ON 
PRIMARY GAMMA -RAY ENERGY 
for Air, Anthracene and Sodium lodide 
2 showing the ‘air- equivalence” of 
anthracene over a large range 
of gamma energies. 
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the use of anthracene as a seintillator,. 

Since we will be dealing with anthracene from 
here on, enc with 0,1 dev < E, ( 6 Mev, we can make 
an obvious simplification of formules {II-B-1) end 
(1I-B-3). Por earbon snd hydrogen, © is negligible; 
also no pair preduction is observable. Therefore, 


these equations beeone 


Le * nadx( O +1) BY a ny gB AGx (Ti-—4) 
. Oe +T 8. He. 
Ky = tt TI-8~8 
- r+ u 'Y (II-p-5) 
C. Theoretical Treatwent of Quantities: to be Measured 
dn the Eeintilistion Crystal. 


1. Averege Electron Pnergy Gienificence. 

Te have seen that the absorption of energy from the 
gamma beam in the erystal resuits in the production of 
seeoncary electrons. We have also seen thet each gueh 
@leetron gives a vulse of liisht which >»roduces 4 voltuge 
pulse proportions] in amplitude to the eleetron energy. 
As will be shown in Section [V¥-2A we can then obtain 
(1) a quantity expressing the teteal ammount of energy 
per unit time reeeived by the electrons in the erystal 


from the gemaa ray, 1.0., the rate of energy absorption 
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in the erystel; enc (2) « seesure of the total number 

of electrons energized per unit time. Ostensibly, 
dividing (1) by (£) showld give us 6 mepsure of the 
secondary electron averege energy, for cemparison with 
the theoretical curve obtsined in 5 above (Fig. 1); 

while (1), sinee it represents the energy ebsorbed from 
the gouma bena, shevld be & measure cf cosage and related 
to the Prir=dose”™ in roentzgens. That these conclustons 
ere not cuite sc simple end direct but subject to wodifi- 
cation in Sheory, disregarding sxperimental diffievlties, 


iz the purpose of tais and the fellowing civisions in 


Seetion II. (évthors! pote: Immediately after the 
following theory was evolved, part I of & paper by 
friteher (17) was publisned, dealing with a very similar 


situction in liquids. UnYortunntely, part II of the 

peper is to centsin the calculations of interest and 

will mot be evaeilable unti2 after Kay 16, 158m. Attention 
is invited thereto when evaliable,) 

i. “elation between Lay and Doge; 4. 

To begin with, let us assume thet erxcn gonme photon 
ne only one intersetion in the erystel. The consequences 
of multiole interactions ere considered later in Geetion 
ii-D. Now from Lection lI-S we heave the ecvations 
Tetel secondsry é6leuctron energy/unit time proecuced in 4 


thickness dx = 
Pap 2 Mp, # Adx (I1I-8-4) 
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fotal number of secondary electrons produesd/unit time 
in dx = 
R= mpsdx (I11~R-#) 
For the moment we shall treat RY as single valued; f.e., 
& monoenergic source is being used: 
ive if the cryetel is very thin, then n is 
constant end = no, the number of nhetons/ 
on nee incident on erystoal face. Obviously 
for this ense, 
Pe = Not gE Ad (II-C-1) 
end N= n pad (II-C-2) 





bb 
Here Bay re. aeeain and agreement shouid be obtelined 


with the eurve of Section II-b,. 
Aleo, suppose thet one used tro different monoergic 
sources By end — » for which there were the corresponding 
£ 


si 


qientities Po,’ By» Mas end No? Hes *s," If Ee is truly 


2 measure of roentgen dosage rete as would be recorded 


by en ion ehember ss rates Ry and Res sty, thei the ratio 


R 0, a, ¥ 
rz. * At ; : (II-C~3) 
t Ce bas) Ye 


Sueh # ratio holds strictly true for the "seir-walil" 


lon echember eccording to Evans (20) end Rossi and etaun"?) 
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Since dose rate F = —<= in Kev/min-ge air; and if we 


can satisfy the essumptions made to date then 
bg 
ot = ak (II~C-4) 
~~, 

£. Removal of Photons. 

The difficulty, however, lies in the essumptions. 
Let us first consider the effect of ecrystel thicknass. 
The very advantage of the scintilletion erystal is its 
increased efficiency; thet ia to say, it hes msny more 
gemma interaetions than an equivalent volume of air. But 
if we increase the number of intersections, then n is not 
constant end equal to ne but follows the usual "sgo0d* 


geometry attenuation law 
~~Ax 
n= ne 


Therefore, for a erystal of thickness d, 
a 


- —"axX 
Ee S It ne iB AcE 
© 


~na 
- . sald eo 
ate nd ; (II-C-5) 


d 
Ho = npA J o *ax 
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d 
N = n pase (ae) (II-c-6) 


These equetions reduce to (II-C-1) snd (II-C-£) 
of course in the limit ef smell eds id.e., for ¢ small 
ecompered to ., the meen free Gath for scattering. 
Ey I 
Ke mote that Eyy = 7 is uncnanged by this correction 


uw, 
ané still eavals ay 


7 


R 
However the ratio = wh is no longer strictly 


P 
‘P 


true if pd is not << 1. That Is 


a 5 = a (II-C-7) 
“T 


¢ My He By, (2 os )/aed 
ana depending on crystel thickness and RW we would not 
theoretically expect thet our mensurements would give the 
seme dosege ratio as en sir-"wnll ion chamber. The wagni- 
tudes of these corrections will be sresented later and en 
evaluation of the oxpectation velues obtained. 

3, Non-monoergicity. 

The second assumption, tnat of sonoergic Be is 
resdily removable. We shell generalizes our notation a bit: 


Let P54 = percent ebundence of 4% gowme rey from 5™ scurce,. 
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RY re energy of 4h game ray from 3m SOUrCa, 
3 


44 * total iinessar attenuation coefficient corresponding 


te £ 


Yay 
Be . = linear absorption coefficient corresponding 
3 
to F . 
Y $4 
"0, = totel number of photons/en"-see incicent from 
;= source. 
Hoy? da 2 th 
Then n, * = photons/em“-sec of 1°" energy 
34 ) Pia 
u 
incident, (II-C-8) 
end define By, = 7 (PyaBy 7 AP 3s (II~c=9) 


(For example the two y's fron co” nave abundenees of 100 


pereent exeh end energies of 1.17, 1.33 Mev.) If co™ is 


yuh gouree considered, then 


Fi ng 
® r + © 
n = ; n = ; = = teh 1.25 ¥ev, 
°42 ~~ 7 
Then for the "hes y fron the ~ HOUTCE, 
“2 4X 
ae 3% ax 


oq 


= 7 E (a 
ji ga Yaa P54 
- ja 
GN yy Mo, 31° ax 


enc for the sggregate bean from 3% SOUrce, 
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= “B 44* 


Again intersreting over the crystal thickness we obteins 


5 pare) 
«fn 8&8 Ad _ (II-C-10) 
~~ s Qos Y yg Bas B44 
5 resi) 
K,* , oF sah 338 (Il-f-11) 
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“it 44 
Ep a E p ry =e 
4 Or, Yau 8 B..d 
and ; on ih ts dS de (II-C-13) 
. o <) 
a he 


*hence “av, a (II-C+1£) 


a - 
i [a Yea Sx 
fe nor eee that o> eorreetion for non-monosrgicity results 
in severel chenges in procedure. 


(a) Eq. (I1I-C-1f) can be written: 
(l-e *") 
| dng EY, Tit 
ok > Sane: ae © So. ) 
i i 
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Be 
There we see that & —li 2 Eay » the value whieh would 
Yaa Pye 44 
be pieked off the curve of Figure 1, corresponds to By e 
32 
Therefore, in order to evaluate the intrinsie ecuivelence 
of enthrseene to air by the "most nearly correct” theory 


available to date, we must compute E ay for the hen source 





from the curve, end compare it to the measured value. The 
value obtained will depend on crystal thickness ds; we shall 
see presentiy hor violently. Also, one ean compute as 


"partially correeted™ “Av, by omitting the terms in it 445 


which also gives en ider of the offectiveness of crystal 
thickness attenustion, As we shall see in Section IV, the 
experimental results may then be compsred with the "totally 
corrected" and "partislly corrected" values. The theoretical 
values are presented in tabular form in Table (I1I-C-1) 

and are presented in grephical form along with the experi- 


mentel results in Section IV, Figures 7 end 8. 


TABLE II-C-1 
z 
* Pav (totally eorracted) 
Source .y  {pertially corrected) G@= Gm 4 20 om 
Hg 9? 290 Kev 72.1 Kev 72.1 Kev 72.1 Kev 
cet?* e068 Kev £715 Kev 265.9 Kev 966.5 Kev 
co —s_-1. 28 Mev 5a6. Kev B84, Kev 584. Kev 
na4 2,07 Nev 1.109 Hav 1.028 Mev 1,037 Mev 


‘Prom formule (II-C-3). 









ust Mm rts Yee Sa 8 Dn 
soursiev ines Skandal 969 streieve wi yebw at .evelovect 
TIE? Post Ten EitNen Paee” OOF of als of cmpoewians Ba 
worn St nat se) gy ARM Fu we corAb nf 

oat ALY CnTURANe BAT AO AE wengenD ne jeveUE itd wel 
Liste ew th sesusintdtd faduqre mo toeqeh Lite beniasdo setae 

© fino umn wap outs -Vteolety wat (idassen¢ see 

yd ab ered wif anitime iat “batwowwes yiiaterag? 


Lapeqso In seensvivgeTie «i? We Ooh? an nevis eats Aside 
ad VE cntivee at paw £fadn aw Oh rad womens s wRneso bad 
tlintal® welt Oy beteamed ed cut yes ei iimet Ietmahweme 

Leosrevoess ect .teulay *bsbevess Uitalevey? bee “detsertos : 
(LOT) al6eP at ened wilader af bademsesy out canter 
-irewmt edd OFfy pocka avo} sagtinem af Bedeserse ete fan 
“0 bee F seecgl® FL wattoet af etLotes Intmee 



























4-2-El Galay ’ 

: | 

ve as “ 

mesh mebab (nssomnsee vilsitus) 2 sone 
vex 1.00 wea £07 vos amy SOR yy 
vor (ter ver ©0088 Lk) ee 
“ss J. | oe veo on ven ont We 
vel %O.L vob GrO.d vew tat wa roe (an 


(0-955) etuee? acre” 


From this table we see that the correction for 
eryetsl thickness esuses only slight changes (<£ percent) 
in sll but the sodium source, whose y energies are 
separeted widely. Figure & shows the decay schemes and 
necessary deteils for the computations involved. Firure 
Ae-l (Appendix) furnishes the values of uw resuired, It is 
interesting to note how auch more importent crystel thick- 
ness would have been for the sodium iocice crystal with 


its fer larger values of » wnd rapide increase at low energy 


due to photo-effect. Bp 
(>) Returning now te our ratio of gi, we see 
ty 
- Re d Ao e a Ee R 
thet if pd << 1 a “als cy ACT - end a = i 
n A “— 
Cs < Ohishi <1 ic 


rigorously since the correction for non-monoergicity applies 

equally well to the fon-chember! However, for ad not <<l, 

we will sgein heve a difference in the observed ratio, and 

agein, in theory sione, would not expect our sessured 

dosage ratios to segree with those from the lon-chember, 
Accordingly, if the correction for pd is appreciable 

and our assumptions sre resgonably correct, then our problem 

would seea insoluble. Hence, one must consider the theoretical 


magnitude of the expected devietion due to crystal thickness. 
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Note: Level separations schematic only;no energy scaling attempted. 


Figure 2 


ENERGY LEVEL DIAGRAMS FOR RADIO NUCLIDES 
USED IN THIS INVESTIGATION. 


(Reference: Nuclear Dota’, Not'l. Bureau of Standards Circ.499,1951) 


A teble of the correction retors(h=2) is of value, 
for if they differ for each source by only 5 small amount, 
one might be eble to assume a median value of the correction 
such thet the true error over # given range would theoretically 
be expected to be less than a certain maximum within the 
limite of experimental error. 

, Considering sverage velues of Ey for the sources 
considered, except for the widely spread na” 
optein Table 1I-C~£. 


energies we 


TABLE L1-G=2 
1 ~ o 4 
Q(mm) Source ules’)  L-e tH? i 
8 figé?? e143 0.682 ' 9,888 
6 cs334 0.098 0.0871 0.971 
6 co™ 0.074 0.0432 0.974 
é na”* (1.38) 0.070 0.0412 0.081 
a ne’* (2.76) 0.0482 0.0284 6.982 
= — = igh? oie f as 060UC”l:lC(Cia 
- cst34 c.098 0.178 0.009 
. co 0,074 0.1377 0.932 
oo 6—ts«éiRs* (2.38) © 0,070 0.1903 0.933 


60 ge™* (2.76) 0.0482 0.0815 0.953 
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Prom Table II-C-2, we see thet it jg vossible to 
assume a “ealibration feetor® in the middle of the renge of 
values of the rector(t= Sy sueh that a certain sercent 
accuracy can be expected, That is to say, if all sxpert- 


mental errors were zero, then if the doseage readings were 


1 - eH 
"calibrated" by dividing by the median (+9 


we would expect so certain percentage error for the several 


) feetor, 


sources based solely on the theory developed to enters 

(sa) for the 6 um erystel: essuming a calibration 
factor = 0,970, we see thet the seximum srror incurred for 
this renge is about 1.4 percent. 

(o) for the ©0 =m erystel; assuming «a oalt{bration 
factor of 0.912 we can cover the weole renge with 6 maximum 
error of 4.5 percent; or using 0.931 and eliminating the 
low end of the range we cen obtein @ maxisum error of 2.3 
percent. 

The veélue or leek thereof of these econsideretions 
will be demonstrated in feetion IV¥ where taeory end exreri- 
mental results sre compared. 

Before leaving tne theoreticel development, ist us 
consider two effeets briefly mentioned above; the effect 
of plural scatterings’ and the effect of the leskage of 
energetic electrons from the confines of the crystel prior 


to expending all their energy into light output. These 
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cannot be handled rigorously in an anelytic manner, but e 
qualitetive idea of their inportence can be obtained by 
making some rather cross approximations. Seetions f and E 


do this job in so far as the authors ara able, 


l. Effects of Plural Seattering. 





The essumption has been made in the preceeding theory 
thet each photon suffers but one collision in the erystal. 
In possible justification of this essumption, let us exemine 
more closely what it involves. To begin with, if » photon 
suffered another coliision in the crystal, thus sroducing 
a second energetic electron and a corresponding sutrut of 
light scintillation, it is clear thet the resultent light 
from the second collision would pot be a senercte light 
pulse. The longest length of time possible between the tro 
collisions in the thickest erystel is of the order of 


—_—s—- ~vyo7t0 seconds while the resolving time of 
3 «x 10°" cn/see 


anthrecene is vio see(®) , Therefore the light fror 

the second eollision increases the intensity of the light 
scintillation due to the first collision, end the photo- 
multiplier contributes a pulse equal te that which it would 
have produced had the gemma lost in one collision all the 


energy that it lost in two collisions. Thus seeond coliisions 
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de not inerense the total counting rete bet will incresse 
the tote) snerzgy measured and thus ineresse the mearured 
average energy Of the secondary electrons end the computed 
dosage over that whieh would be exceected from the theory 
@eveloped to date. Hote that if it should prove to be of 
importence only for the ne®?? and the £0 ma erystel, then 
the low correction fnaetor for this case in Table II-C-2£ 
would be effectively increased and the renge of error 
assuming « ®ealibretion" fretor of somewhat greater then 
0.912, say 0.931, could be reduced (refer pege 28). ss 
will be seen in Seetion IV, an inerease in averrge electron 
energy ¥as noted as the crystal thicknoss inereased; it is 
the purpose of thia section to show whether the incrense 
fouled or could not be due to second gamma collisions snd 
wnether it must he explained by oncther phenomenon; for 
instance, the leakage of energetic electrons from the 
erystel. 

&. Analysis of Plure] Ceattering. 

We shall assume some conditions which should be 
nearly optimun for second’ collisions to centribute envreciably 
to the energy absorption: 


© sec incicgent 


(es) Let n, = number of photons/em 
on erystel, of aren A, 


EY = their energy. 
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uw = the linear ettenvaetion coefficient et 
this EL. 
Y 
(hb) Assume 611 primery collisions are such 
thet the photons still go nearly in the 
forwerda direction, 


(ce) Assume photons still have energy Ey and 





~» does not chenge. 

Then the number of degraded photons produced in « thickness 
dx is equal to the number of eleetrona produced in 

dx = npAdx from formula (1I-B-2). But n= noe, therefore 
the number of cegruded photons preduced in dx is n't = Nae pAdx. 
Of these cegreded photons, we know thet oH (4 - 2) of thes 
vill pot have a collision between x end ¢, anc therefore the 
freetion of the degraded photons which have « collision 
between x enc dc is E - enn(a . =), These are the photons 
which suffer st least two collisions in the crystel,. 
Aceorcingly, the total number of photons which suffer at 


4 | 
leart two collisions in the crystal is a at{ 2 ~ eH (4 ~ x)} = 
6 
d 
nwa J Fi aces 6 - ene (a ¥ *)) ax and the fractional number of 
o 


incident photons which euffer st least two coliisions, is 


a 
f= yp fom - en PF) ax 
© 
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a 
f=» f eB, . eh ) az 


p= (1 - M4) — nae Ht (11-p-1) 
3. Conclusions Concerning Plural Seattering. 
Row let us consider the energy for whieh »z is 
= with p = 0,143 en*, 
and the longest crystal used, i.e., d= f em. This will 


Lergest, 1.4, EY = 0,280 Hev for Hg 


give us the lergest f which we will have te esnsider, 
since ga < 0.10 em~* for 11 other sources used, For this 
ease, under these aasumptions, the frection of all ineident 
photons which suffer tro collisiona in the erystel is 

ee (1 - 970+ F868) - (0, a6) 970+ 786 

2 0.6849 ~ O.£15 = 6.034 = 3.4 perecerit. 

But we have el.ceen weet we nepe to be optiaum 
essunptions for second collisions contributing to the 
energy cbsorption chserved; viz: 

(a) If the degraded photons do not (es is the 
case for some SO percent of them according to Davisson‘®?) 
go nearly in the forward direction end (as is actually the 
cree for most of them) their energy is less beesuse of the 
edditional emount given to the eleectrens in the primsry 
collision, therw is greater; but from our geometry it is 


seen thet d', the *"in-crysteal”" cistance remaining, is 
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decreasing revidly with increasing sngle from the original 
direetion; thus the product pd! is nearly constant, and 
equel to ad, se f would not be metorislly effeeted. 

(ob) For those degraded photons which do net go 
nesrly in the forwerd direction, since, as sbove, their 
energy is materially less tnan Bs tne xdditionsl energy 
they could contribute in « second collision is less than 
they could have contributed in the primary collision, sand 
thus the f = 3.4 pereent would be greater than the ectusl 
percent increase in the tote] energy due to second collisions, 

&. dJustifiertion of Analysis. 

The true value of the pereent increese in secondzery 
electron energy due to second collisions would be extremely 
difficult to compute, if not impossible at the present stage 
of theoretical progress in the field of plural seattering, 
since we sre concerned with « medium of smell volume, It 
is felt that the akhove approximete enalysis under gross 
essumptions provides a sultable cverestimate of the increase 
in average end total secondary eleectren energy cue to 


203 


seeond collisions in the case of lig radiation incident 


on the thick crystel, such that the true increrese for this 
ezse is of the orcer of 3 pereent or less. Far the higher 


3. 


energy redistions for which » decreases to <0.1 em“, and 


for the thin (6 mm) erystel, the effeet of second coliisions 
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is therefore clearly ineonsequentiel, and fer the limiting 
case considered, the effect is of such magnitude thet 


econsiderstion of it ia problematical, 


=, Beeendary clectron Letkegs. 

lL. Anslysis. 

Tne final feaetor to be considereé in the physical 
theory applileable to the problem is due to the magnitude 
of the erystel dimensions in comparison to the maximus 
renge of energetic electrons in anthracene. A few 
representative values applicable here sre calculated from 


Geodman*)}), 





TABLE II=i=}, 
Heximum Penge 

145 Kev 0.15 millimeters 
500 Kev e-8 pillineters 
1000 Kev 3.44 millimeters 
1500 Kev 6.20 milliseters 
£000 Kev 7.6 millimeters 
£500 Kev $9.8 millimeters 
' £750 Kev 11.0 millimeters 


The maximum energy obtainable by the electrone by 
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Coapten collisions is given by the weli-knosn formuls (18) 


E 


Eoax 7 —soT (11-82) 


Ll+ 


The maximum energies of secondary electrons from 


the veriovus sources #res 


TABLE LI=-E=’ 
Source Py mex rs . ) 
ue? £80 Kev 146 Kev 
cgt* 794 Kev" 600 Kev 
co” 1.33 Mev 1.115 Hvev 
xa°* £.76 Kev 2.595 Wev 


Xogh34 hes ¢ 1.35 Wev gemma rey but of only § percent 
abundance, 

Comparison of these two tables rithn the dimensions 
of the two crystals brings out ea few interesting points. 

(a) 6 mm erystesl - cross section is a circle 

30 am in diameter. For this case, the minimum distance of 
travel for the seeondery electrons is forwerd, which 1s the 
direetion of the most energetic ones (head-on collision 
type). Since the electrons sre produced ell through the 
erystal, it is obvious that for the cobalt source end higher 


energies, en appreciable percentage of energetic electrons 
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will pasa out of the seintilleteor before expending e11 
their energy in light procuction, such percentuge incrersing 
with energy. 
(bd) £0 mm crystal - cross section is a rectangle 

190 am by PO um. For this case the forward direction is the 
longest dimension of the crystal, and if we consider first 
only those electrons in the forwar’ direction, then the 
leaxage Geseribed ebove should only be fLuportant for the 
highest energy, 1.%., ga®* anc should be Jess taen for 
the 6 ma crystal. Eowever, this crystel has o narrow 
horizontsl dimension, such that many electrons pot evite in 
the forward direction, but enough forward thet they heve 
considerable energy, will leak cut the side faces before 
eontributing all their energy to light. This is enhanced 
by the feet that the gewme bean is not truly parallel, due 
to the finite source-to-erystel distance (which was kept 
et loast 10 times crystal dimensions) but diverges slightly, 
such that the most energetic eleetrons if produced near & 
side free, would be "simed*® to go out of the crystal. This 
effect wovld be negligible in the thin erysteal due to its 
cress section. 

fe Effeet of Lenkege, 

Since the effects mentioned above would tend to 


decrease the energy converted into light enc messured, one 
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would expect n decrezse helow the theoretics! values 

th of E,y and Ey ("“dSousge") due to this cause, in 
eoprosition to the inereese exrected due to plural 
seattering (Seetion II-b). Further, it would be expected 
to have sore effect in the thin eryatal then the thick, and 
te be of most concern for the higher energy gamma rays. 

3. Solution to Leakage Problea,. 

A theoretical configuration te correet some of these 
iils suggested itself near the end of our experimertetion. 
If one enclosed the crystai in sa box of material of esbout 
the same density and comrosition of anthrecene, sey lucite 
for exenple, two effects could ceccur: 

fuc.zz (e) and (b) On the average, for a number 
of eleetrons which leak out of the bottom 
of the crystsl (s) producing » light pulse 
indicating an energy smaller then it 


ectuaelly had, there is « corresponding 





crystal nunber (b) lesking ip from the lucite tep 
end producing & light pulse ecorresrending 
to the rest of the energy. Note thet these two light pulse 
éistributions are both random, therefore coincidence would 
be rore, end we would be inecretsing the number of pulses 
of low energy, thus decreesing the average electron energy 
measure@, but increasing the dosege mezsured (since now 


little or none is relsetively lost). 
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(c) For eleetrons tending to stray out of the 
crystei pices, the dense lucite has nearly az much 
probability of seattering thez beck into the scintillator 
as seattering them further awey, since the senela of 
incidence at the interfeee is swell. This would not incresze 
the number of pulses, since the same electron continues to 
produce the light pulse, having lest only s little energy 
in the lucite, but it would inerense the amplitude of the 
light ¢ulse over whet it would he if the lucite were absent, 
thus reducing the effect of 1(») above. 

it should be noted that lucite on the bottom of the 
erystai uss Little effect sinee beckscattering is smell 
for all energies ‘**) , 

(4) It 1s impractical to try to decide, on the 
theoretical basis which of the effects (a) end (b) or (c) 
will be of greater importence, if either will. Seetion IV 
will show the result of an attempt te investigate this 
matter exnerimentally. It appesra that in any event, st 
least 5O percent of the electrons which tried to cet ont of 
the sides would sueceed, even with lucite "guard reile®, se 
that experiments] values beloy the theoreticezl ahould not 
be viewed with alarm. On the other hend, only the smuell 
affeet of Bection II-P would cause a value grester then 


the theoretical, so an appreciable excess abeve the 
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theoretical value would certainly be indicetive of s 
manjor defect. 

$%. Ccenelusion ef Theory. 

This econeliudes the theoreties) aspect of the problen 
in all the detsils whien have been considered of major 
importance by the muthors. The next section desls with 
the equipment used in the exneriment, and the following 
section will compere the results obtained with the theory 


evolvec in the five divisions of this section. 





III. EXPERIMERTAL EQUIPMENT AND PROCEDURE 


A. Initizi Ecuioment Confixzuretion. 

The first approach te presenting the output of the 
erystel-photomultiplier tube combinstion in terns suiteble 
for evalueting its relation to dosage waa to use the cireuits 
of Figures 3 end 4, Aé11 of these components cre stendard 
units except the "“integreting" circuit (Figure 4). This 
circuit's principle of operstion is mentioned in reference 
(19), pege 250. When it is operated as a counting rate 
moter, ® One-shot multivibrator is placed in front of the 
"integrator" so thet ereh count appears as @ nearly square 
pulse, constant in arplitude. Under these concitiona one 


can meet the recuiremente 


4 my 3 alien 

> >>> 5R,C, (III-s£-1) 

E >> V> By (TII~s-£) 
Cp >? C, (ITI -~}-3) 


which ere necessary fer accurate operation of the eclrevit. 
In the ebove ecuations the nomenclature is defined in 
Figure 4. Since the detailed operation of tais cireulit as 

a counting rate meter is nowhere completely treated, it is 
felt worth while here to describe its operation in some 
detell. Referring to Figure 4, suppose & pulse of amolitude 


ER volts sppears at the input. In accordence with equation 
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(III-A-1), €, will be charged te the peak value (EZ - ¥). 
Since C, ?? C, an auount ef charge proportionsl to (® - ¥) 
{or to f if B >> V) will also be placed on C, through T-P 
Guring T. It should be noted thet T-3 and its associcted 
eireulttry serves only to inercéese the erpsrent sise of Ces 
At the ond of the sulse T~P no longer conducte while T-] 
srovides a path for the charge on Cc. to @ischerge to sround, 
thue returning peint # to voltege Ep, (some smell negative 
voltege). Thus fer eneh count # constant emount of cherre 
is pleced on Cy, which then gredually leake cff through Re 
with time constant Re, providing # smoothing action on 
voltege ¥Y. Thus ¥ is a stable indiestion proportionnl to 
the counting rate. For further details on counting rate 
meters nnd their statistics see references (19) and (£0). 
In the present problem the application of this 
cireuit, though superficielly quite similer te thet of the 
counting rate meter, is somewnst different. To get a 
meagure of energy «bserbec by the secondery electrons in 
the crystal one must sum over ail pulse amplitudes, which 
sre proportional to the energy of the electron causing the 
pulse (7 9®) and over the number of pulses. Since, in theory, 
if the pulses are fed from the photomultislier (after 
suitable empliffieation and elipping) directly to the 
Fintegrator" gnch pulse should deposit a charge on Ce 
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proportional to (2 - V) or Rif BO>Y. Row, since 
y= AG oR s or mc, nr, ‘29 , this voltege, V, snould be 
proportional to the tetsi energy ver unit time of the 
secondsry electrons in the crystals. Ffeferring to Section 
II-E we see that this corresponds to formula (II-B-4), in 
thet og x my Ee 

Unheppily, there sre factors at work which make this 
elreult quite unsulteble. Extensive time was devoted to 
shoring experimentally thet tuis was indeed true. It is 
@iso eesy to show theoretically. 

The first difficulty srises in that the spectra of 
yulees used eas input to this circuit renge in sagnitude 
from some very smell valve up te 4 meximun determined by 
the energy of the gamme reys of the raciosetive souree being 
used end the amplifieetion required. Thus over the lower 
portion of the spectra = may be comparable with or even less 
then ¥. If % is compareble with V the cherge going into Ce, 
4s now proportional to (B - V¥). Thus, the sweller pulses 
will not be weighted enough eecording to their true omplitude, 
If E < V the pulse will not be rscordeé at all. 

The seoond diffieulty erises if there is any overshoot 
on the input pulse. If the overshoot goes more negative then 
Ups then T-1 wili eenduct, charging Cy in such & msnner 


thet point a will be left positive relative to ground when 
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T-1 steps conducting after the oversheot valtsge becomes 
less negative than Ey: Taue if the overshoot went negetive 
greater than en aacunt (Zp + ¥) an edditionsl eharge will 
be put o2 Cp, though emell in megnitude. 

There ere, then, two sources of error, one tending 
to decresse the meesured dosage while the other tends to 
inerwase it. Both of these errors were observed in this 
equipment and after very extensive experimentetion using 
both pulse generaters and radioactive sources, it was con~ 
cluded thet tre circuit could not be operated at & satisfactory 
level of eceuracy for reseerch on tuis probles, 

Sinee the amount of errer introduced by oversnoot is 
very sensitive to a it was found thet, for s particular 
speetrum, Ey, could be adjusted te give a ressonable value, 
but if eny other source wits eitner a different differential 
pulse height distribution or m&sximum pulse heirsht were used 
error, of course, again wes introduced, Furthermore, it 
wes necessgry to "knew the answer to get the engwer® by 
edjustaent of Ege 

It i2 possible, of course, to remove the overshoot 
in the pulse and still retain the emplitude; however this 
solves nothing since the error due to small velues of & 
enters, This error, siso, is a function of the differentiel 


pulse neight distribution of the spectre used. 
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The conetlusion that this “integrating” principle is 
not suffieientiy eceurete for revesrc: purseses is well 
borne out by Glese ang Curset at Oak Ricge who after much 
investigation wvolved &@ very complex etreuat’”> waich waa 
satisfactory for Gosege incicetionss however, due to its 
complexity, it was extremely difficult to keer the unit in 
routine epereticn,. 

This diseusgsion is not to be cenatrued a8 concluding 
thet thia instrument cannot be made accurate enough to be 
used for survey purposes er other more routine dosage nensure- 
ments. It appears quite probable that one could develop 
guch on instrument, though ite relative cost compared to 
common survey instruments would render its preetieability 


questionnbvle. 


B. Einei Eouivpwent Configuretion. 

1. Hew Approach to the Probles. 

Having experienced suen diffileulty with the ecuipment 
described abave, it was decided to abandon further sttempts 
in thet general line in view of the lengti of tina ranaining 
to the authors at this institution, and to attack the 
fearibility srobles from the stendpoint of physics with an 
entirely different appreech. Ve have seen above that the 


initiel equipment was intended to average the product of 
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number of electrons produced per unit time end the energy 
of each, The final ecuipment decidec upon gives reecings 
from wuich this Slgure can ve cealeuleted; thus, cs mentioned 
in the introduction, the human Seeing Gis replaced part of 
the electronics. 
3. beseription of the Kew Approsch, 
The Cinul oaulpment is shown in block diagren in 

Figure & 411 of the parts ere stenderd instruments 
aveilstle at this institution. An icenticel configuration 
hes been and is being usec by Dr. & J. Hine in his ganma 
rey spectrometer studiee with a sedium icdids erystar\™) , 
Let us see whet changes were mede from the initiel ecn=- 
figuretic:. and indicate the purpoge of erch eonvenent perts 

(ce) Neo change wes wede in the photomultiplier 
tube and mount, except for the obtaining of a "good" 5819 
tube known to have geod resolution, which we will see le 
required in energy calibration fer this method. The high 
voltsge supply was the seme cone, except that 1t was renleced 
Late in the experiment by a more stable one, this chenge 
rprecueing no effect in the results. All through the date 
runs on which our results are based, the high voltege supply 
to the photomultiplier was set at 740 volts. 

(b) In order to get « higher gain for the smell 
pulses froa the low snergy source (lig?) the nreamplifier 
wes ehenged from a eathode follower to a stege of gain of 


about 10. 
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Figure 5 


BLOCK DIAGRAM OF FINAL ELECTRONIC EQUIPMENT 





(c) The Wodel 100 amplifier wes unchensed, 
except thet it was opersted et lower geins for the higher 
energy sources, so treet the outrut never exceeded 95 volts. 
Output voltages above 100 volts are unreliable due to the 
everlosding of this type emplifier. 

(4) The output from the Rodel 100 wes now led 
inte a Hodel £10 gingle channel differential dciseriminator 
with window width of sbout 2 volts. The exact value of 
wincow width is of extreme isportanee and will be discussed 
later. The Model £10 window position wes controlled with 
e motor-driven rheostat which swept the ranges of 0-96 
volte in approximately an hovr enc 10 minutes. This rheostat 
ané its diel were cerefully calibrated using & eallbrated 
voltmeter, pulse generstor with variable amplitude signal 
and Techtronix synchroscope. The calibration curve is 
included in Appendix B as Pigure B-1. It wes found that 
discriminstor did net work prorerly below a value of window 
center = £.6 volts, and ell date taken were begun at this 
minimum. 

(e) The output from the ¥Yedel £10 discriminator 
wee then fed into sa Hodel Nuber-" Counting Rate Heter, with 
internal calibration for seales of S000 cpm, 10,000 epna, 
£0,000 cpm, whieh were the oniy scales used. Pefore ouch 
run, the CRM wee carefully zeroed and ereh scale calibrated 


on 3600 epm (line 60 eyele AC). 
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(7) Pinally, the CRE output was Gisplayed on 
en EKsterline-Angus 5 ma recorder, with motor feed connected 
to the gotor of the motor-driven dial so tnat stopping of 
diseriminator rheostat motor 2iso stopped Ssterline-singus 
tepe feed. 

3. Wounting ef Gemma Sources. 

The sources of gamma rediation were supported above 
the erystel using the ususl laboratory stend with an extension 
are go that the stand members were at leust 40 em from the 
vertical line between source and crystai, to sinimize the 
effects of seattering by edfacent equipment. The sources 
were of various strengths uncalibrated excernt for the 428 
pe co and 904 ne of Re. Trey were placed st various 
Gisteances, which were measured to 40.5 wm, such that 
convenient Ch seeles were available. These distences 
were recorded, end were reproducible in the main. 

4 Pnototube Mounting. 

A word about the photetube mounting shown in Figure 
6 is next necessary. The voltage divider for supplying 
dynode voltages is contained in the metal box containing 
tne 5819 socket. 

The resistors ere erranged ta give a 40 percent 
greater voltage rise from cathode to firat dynode than 
from dynode to dynode the rest of tie way, other ateps being 


equal, This arrpongement provides better collection of 
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Figure 6 
DETAILS OF SCINTILLATION COUNTER CONSTRUCTION 





cethode emitted electrons end Laproves resolution '®”) , h 
carcboard ilgnt sileld is plseced over the entire phototube 
oné crystal essenbly, on¢é over all, a black cloth is dreved, 
4 Lew background obteinsble is eonsitered proof thet light- 
tightners is nesriy rerfeet, Cardhoard was useé in place 
of brass to wmininize mny *acattering-in* of soft gemma rays 
from the light shtelé. It wes also found thet movanent of 
Lron apparatus in the vicinity effected the outnut econsiderahly. 
& mu-meteal shield was therefore insteiiled se showm in 
Fisure 6 and magnetic effects diesnpesred, 

The erystel cenfiguretions "A" end "B* es shown in 
Figure @ will be diseussed Later, 

5. Dete Taken. 

¥e shail outline in brief now whet deta were obtained 
end what inforastion cen be obteined therefrom. "ith ench 
source end erystal eonfiguration, a gnhin on the Model 100 
amplifier was chosen such thet the largest pulses from the 
crystal were just below the meximum window heteht. £ minute 


source Coractieally weightless point-source) of cgt37 


was 
used to eslibrate the window centar voltages to killovolts 
energy at this particular gain end phototube high voltegca, 
This wes done by placing the calibretion source directly on 
ton center of the anthracene erystel (which was covered with 


1/4 mil (1.7 ng/en’) aluminum foil) and observing the 
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position of the window center for the Cs F" conversion 
electron peak (625 Kev iine svectrum of ee). A representetive 
neak is shown in Fiwzure Bef. This method has also been 

1gad by other investigetors (=?) , It wee determined exveri- 
mentally thet this thickness of sluminum foll enused no 

error in the energy calibration, since trinling the thickness 
of the foil ecnused no detectable shift in the vosition of 


137 senk. Then with eelibretion source removed and 


the Cs 
sample source in place on its stand, by letting the motor 
sween the diseriminator rheoatat through the ranges of energies 
of the particuler seeetrux, 2 curve of the number of pulses 
per energy interval (window width converted into Kev by 
cat? eslibration being the energy interval and termed 
herein /A&) versus their energy at the center of the 
interval was obtained. That is, a curve of Gt As (eta/min) 
versus E(Kev) was the direetly plotteble outout of the 
écuinment. Finally, for esch socectrum, a run wes made 
gans source to determine backeround to he subtrected. 

Now we see thant AE, the window wiéth in Fev, is 
ef supreme importance where the absolute misber of counts 
in the entire spectrum ia desirec, since an ineresse in £ 
causes an increese in the ordinate (sa AB) and when obteining 


the intesrel countine rete by measuring the area under the 


eurve and dividine by OF es is further explained in Section 
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IV, MO aust de know: te the eceurecy desired in the 
integral counting rate. This wejor diffieulty, es wiil 

ve édisevesed, is an intrinsic fault of « differential 
diseriminator since it is ciffieult to measure and even 
more ¢ifficult to keep constent or reset to the same value 
when it érifts off due to the usual chenges in o eonplicated 
multivibrateor instrument due to tube see, tempernture, end 
Line voltage veriations. It is th yejor source of error 

in our experiments regerding dosege, mut ts of Littisc aor 

mo importence in the geesurementa involving Bay? og shor 

in Gection IV. Chsncee in A® were observed to cecur Auring 
gevers) runs, out these were recognizeble froa experience 
and sueh rungs were cisesrded and reper ted, 

How that wo have seen waaet the final equloment was, 
ané what quantity it measured, we shell snend Section IV in 
exmmining rhet knowledge can be extracted therefrom end how 
mur results thuoc obtained compares with the theory evolved 


in Seetion II. 
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IV. EXPERIMENTAL RESULTS AND COMPARISON WITH TimoRY 





A. Generel ul Procedure snd Preiisinury Results. 

1. Qbteining tly ang Rosere {ros Lxperinentel 
keasurements. 

We have seen in the preceding section that the directly 
slottable output of the final eculpment res &E Ase vs Ey 
in the previous notstion. If now the ordinete of eaeh 
point on the curve is multiplied by its abseissea, we 
obtein a curve of nt ar. In order to nlet this on the 
game sheet e@ seale factor is usually used. All of the 
spectre shown in Appendix B (Figures 5-3 through B-1?) 
are of this type and on eseck is shown seale factor end 
window width (AE). 

Having plotted these curves, one next uses & planimeter 
and obteins the srea under efeh one. Keech curve was 
plenimetered at least & times and an everege ares used 
in further computetions. The accuracy of this operation 
was better than 1 percent. 


Thus we heave two areas: 


E Fnox 


max 
(w) J (2 ar) = as | (az 


ra @] 
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| sinee QE = econstent for ereh run (111-8-8) 


Bax 
J (St An) ar = AK xX ‘ev x eounts/sin. , 
2 
Enax nex 
(b) | Cs Agjyan = AR f (nh) az 
° e) 


= OE X Ey 





x Ke 
minute 
That is, (s) is the totel number of ecounts/minute 
in the meetrum multiplied by the windos width in Kev; sand 
(b) 4s the totsl energy sbsorption by secondary electrons 
measured in the crystal multiplied by the window width in 
Kev. If now we divide (>) by (=) we obtein the average 


secondary electron energy, and notice thet is is indevendent 


of AE: 
OR x & i 
— ' 
Bay “= Dux we H 


However, if we sre interested in the dosage, which is in 
turn releteé to the total energy absorbed by the seeondary 
electrons, we find that we must know AE eecurately. 

It should be noted thet the integration carried out 
« €inee this recuired & somewhat 


2x 
arbitrary extrapolation of @sch curve to zero, the eres 


was from zero to _ 


under the extrapelated curves and the sree under the 
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unextrepolated curves was meaeurecd. The figures for 
both ere plotted in Figures 7 and & and it is seen 
from Ficure ® that the extrerelation cives « peint which 
is lower by & constant pereentege. Thus, for ease in 
comperison, only the unextrapolated curve aress sare ¢con- 
sidered hereafter, in that they involve no arbitrary 
extrerolation assumptions. 

eturning now to (b), ond sesuming we know AD in 
Kev exactly, we see that we have weagsured the totel energy 
of the secondary electrons per minute; 1i.e., the rate of 
energy absorption of the whole erystel from the gamnua 
bees. ow then can we convert this to "desage"? Toe 
begin with, it is neeessary to know the masse of crystal 
in whieh the absorption ceceurrec. The crystals ere 
therefore weighed: 

Thin ( 6 ee erystel) = 5.0£3 gms. 
Thiek (£0 um erystal) = 6.098 gas. 

Thus we obtain the energy absorption rate in terms of 
“ev/min-gm onthreecene, But the roentgen cen be expressed 
"3 5.FG X 10° Mev/gm-nir., Sinee we expect from Figure 1 
that Compton effect predominates in the range eonsidered, 
the only difference between air and anthracene lies in 
the number of seattering centers per gram; that is, the 
number of electrons ver gram, which was computed in 


Appendix A: 
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n= 3,007 x ig” eleetrons/m: sir 
n = 3.18 * 10°? electrons/ga anthracene, 

Thus by malticiying oir energy ebsorption rete in 
Zev/min-gm anthroeeene by 40007 ond @ividing by 2 on Bi? 
fe can obtain dosage rete in roentgens per minute; or more 
eonveniestliy by 2 time eorrecticn, in sillireentgens per 
hour. 

It must be remembered that we assumed thet AS was 
known exactly. This sssuaption is not experimentally 
yolid as has been mentioned in Section TII[-B; the regult 
of its variation from run to run will be shown later in 
this section. 

The possible correction for erystal thickness 
mentioned in Section II-C haa not been made at this point. 
Refer to Section IV-C for the experimentsi merit thereof, 

It should finally be noted tnuat the deeay of ne”* 

(Ti /p = 15 hrs) during the 1 hour mms was secounted for 
by correcting the observed couting rates prior to plotting. 
2. Preliminary Results and Selection of Crystal 

Conficurations. 

Befora proceeding with moxsurenents vith all sources, 
4t was @esirad first to see the gross effects of erystel 
confiruretion chenge with different eonditions, such es 
length of light pipe, taickmess of crystzl, lucite plete 


on top of erystal and type of reflector. Kany runs were 
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made with tne cobelt sud mereury sources under aeny 
configuration ciénuges, anc eveivation of then was made 

by COMparison OF Spwutral Sidpes. “Se Wiad HOLL bore tus 
reader witiu emug@serétios of aii these runs. The inportent 
effeets .oted ero sown in Figures 8 and 10. In general, 
it was diseovered tuat: 

(sa) Some light pipe wes advantageous in that 
the light was distributed more evenly over ti.s photo cathode, 
though length of light pipe wes not an luportent faetor. 
ime ligat pipe else faeilitated fitting the crystals te 
the curved top of the photomuitiplier tube. 

(ob) A 1/4 mil (0.00025 in) eluminunw foil 
refieetor in smoeth contect with all tes and side erystal 
faces was very satisfactory. 

(c) Figures @ and 1O show thet the spectral 
shepe from cobalt was little affected by crystal thickness, 
while the mercury apectrus was wore peaked Tor the thin 

rystai. In oraer to be sure that the geometry, and not 
tae different crystal, was responsible for this difference, 
& ron was wade with the thick crystel on its side, with 

the 10 wm dimension vertically oriented. As Figure 10 
clearly snowa, the geometry waa the cause of spectral shape 
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Figure 9 


10,000~ PRELIMINARY DATA ON COBALT.-60 
SECONDARY ELECTRON SPECTRUM 
Curves normalized to same counting 


rate in valley’ to show magnitude of 
effect of crystal thickness. 
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Figure lO 


PRELIMINARY DATA ON MERCURY - 205 


SECONDARY ELECTRON SPECTR 


Showing change in basic “shape of spec- 


UM 


trum with change in crystal thickness. 


2Omm crystal 


2Omm crystal with 5mm lucite 


on top thereof 


e 5mm crystal[the thickness (20 


mm)crystal lying on side ] 
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E=Secondary Electron Energy in Kev 
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(a) Finslly we see thet the lucite plete atep 
the thick erystal. nede no difference to either snectrun. 

Therefore, in order to obtain results ouiefly 
denenaant upon erystal thieknsas, the obviously most 
important verlable, eonfigurations fA" snd "B® were chosen 
(Figure G), with "A" involving the 6 mu erystal, "S" involving 
the 20 ma crystel, As a lest determination, seessione? by 
the results with "A" and ®B*®, another run we: nade with 
sodium using "B" enclosed in 2 13 mm thick lucite box, 

This configuration is not shown; the results sre described 
below, The results of s11 runs on "AT and "RY are ineluded 
in Figures 5-3 threugh N-Lf. 

A point of genersl interest, before proceeding with 
apecific results, is the general shape of all spectra, One 
should note thet the large number of smell pulses ia not 
Gua to beckrround or nolse since eecn curve bes been 
eorrected therefor. The telling off et high energies ie 
due to phetotubs resolution and the statilatice] variation 
of exsission from the photo erthode, #s is borne ont hy 


the shepe of the cs??? 


conversion electron "line", Figure 
Be?, The curves showing the createst @ifference in spectra 
hetween eonfiguretions fA" and "E* are those for rodiuns, 
where we see that the thicker crystal gave o such higher 


a ar velue at the high end of the spectrum. Finally, 
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the peak is tereed a "Compton Peak” suc corresponds to 
the most probable energy obtained in Compton collisions; 
cuslitatively, it appears where it siuguld be, somewhat 
below the maximum energy of Compton electrons as computed 


by formuie (II-EF-1). 


B. Averege Secondary Liectron Energy Hesults and Theory 
Correiation. 

1. Presentation of Results. 

The tedDuletion ef Table II-C-l is reveated here, with 
Gxoerimental values added. These detasre also displeyed 
in Figures 7 and 8, in which the logaritimic plot is 
inciuded to show the rejative deviation of the points from 


the theoretical curve. 


TABLE Iv-p-) 
* dipy Ltusoretical) 
Crystel AY Partielly Totelly 
ot E ~Romf. exper) Gorm orm 
ig 30 Kev a 60,8 Kev Toi Kev 2.1. Kev 
cst?* gan xev h 280 Kev S71.5 Fev £85.09 Kev 
co? —s_-1. 25 Mev h 506 Kev 586. Kev 584, Kev 
He" 2.07 Mev A B00 Kev 1.109 ev 1.088 Bev 
Re ~1,06 tev h 49n Kev “ - 
ug’? 260 £ 8 71.@Kev 78.1 Kev 72.1 Kev 
cs’"* oyu Kev g 668 Kev 871.5 Key 268.5 Kev 
eo™? aes wav 8 S55 Kev 88@. Kev 584, Kev 
un®* 2.07 wey B 841 Kev 1.108 Mev 1.037 Mev 


fe v1.06 kev B 486 Kev - = 
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The experiventsel velues tebvleted ore from the 
mnextrenolated curves es wee mentioned in T¥-f-1, In 
radition te the drt. ~liatte?d rbhevwe, arather e=* FoOUTree 
vea obtained, whien haprened te be stronrer than the 
souree for which values ere tebvileted in Table IV-B-], 
en? heé to be rlecec et three tines the oreviour dietenee 
used for sodium. This seuree Fes run on configuration 
FRe and on "R-1", the latter being "RY eneese? in a leeite 
hex (12 mm thick) on sides end ter, seeking the effect 
mentioned tn YI-R-2(¢). The spectrel evrves for these 
rons ere not included since they srrear nearly the same 
oe Figures Ph-9 ené B+10. The values of Bay and dosnge 


obteined from them, hewevor, differ esprrecirbiv. Pate 


obte ined: 
4 b 
Conwicyraetion cay 
“pe 908 Fev 
rp.® m7), Kev 


The inereese in Foy for ®BF over thet shown in 
Teble IV-"-1 is ettributeble te the change in disteree, 
since by Seetion II-~E, the lenkege would be lesa with «& 
more paretllel grmme beams 1.e., for the prester distenece, 
“he meximeum Civerrence of the berm from the vertices! were 
e,0° for the shorter distance end only 0.95° for the 
Longer éistenee, Accordingly, for cempraring the effect 


of the lweite box (B-1) to the earlier sodium dete 
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Figure 7 Na°* 


COMPARISON OF EXPERIMENTAL AND THEORETICAL | 
AVERAGE SECONDARY ELECTRON ENERGIES 
(Linear Plot) 


\O00 


Only corrected for >| Gamma Energy 


ti 
® oe Corrected for >|Energy and 20mm 


Crystal thickness 


Corrected for >| Energy and 6mm 
Crystal thickness 
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Note: Cs Crys. thickness 
correction is an unplot table 
2% lowering of point 134 
shown "| 
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Figure 8 


COMPARISON OF EXPERIMENTAL AND THEORETICAL 
AVERAGE SECONDARY ELECTRON ENERGIES 


(Logarithmic Plot) 


Only corrected for >| Gamma Energy 


Na?e4 
Corrected for >! Energy ond 
Vreree ® Crys. thickness of 6 and 20mm | 
(See linear plot) 
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/_— See note on linear plot 
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E,=Weighted Average of Gamma Energy in Mev 











(which are plotted in Figures 7 end &), E,y for *B-1" 
was corrected to that distence with = linear approximation 
enc plotted es 971 x nih = 900 Kav. 

The values of RL for ia are obteined by fitting 
the Eay points obteined te the curve connecting the 
eorresponding roints for the other sources. Comment on 
the value of Lx obtained for Ra will be reserved for 
Section ¥. 

©, Interpretation and Evalustion. 

& number of very intereating results are obtsineble 
from & close intpection of Figures 7 end 8 Figure 8 is 
probably of more velue, since its logarithmic ordinete 
sezle presents constant ratios or pereent cifference as 
constent distunces., These points sre enumerated for 
clarity and easy references 

(a) First, we note that 41] messured Fy, are 
below the theoretical velues. This is in agreement with 
Seetion II1-f-3(4) page 38, and subatentiates the belief 
that plural scattering waa of little importance in our 
erystealis. 

(b) Secondly, #11 of the vselues for the thick 
crystal are shove those for the thin eryatal. Thies is 
sa predicted in II-f<2, rage 36. Of course, thie conclusion 


is the result of one mensurément on eaen eonfiguration 
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for each of & sources, and there is « finite chance that 
this ecovuld be « ecineidence. However, if we considered 
thet there should be eousl values for thick end thin 
erystel and that probability end randomness were the 
ecense of one being Bwigher then the other, then the chance 
of sll of the thick crystel values being greater then the 
thin crystal values is, of course, (+) = 45. True, we 
may heve hed the one chence in 37 occurring; only further 
experimentation by other parties will tell, However, the 
authors feel strongly thet tuia is « physical phenomenon 
exoleineble by Geetion I1~~z, 

(c) Hext we see thet the "tetelly corrected" 
curve is closest te the experimental results; ond that 
for low energies, the experimental points are very close 
to the theoretical, differing from it by @ neasriy constant 
ratio for energies lesa than 1 Mev, with a glight increase 
in error #t co™, end ve considerable increrse in error for 


the energetic gammes of ne** 


» ®8 Bliso manifested by the 
spectrel shape, as noted in Section IV-A-2 (page 58). 

The trend away from the theoretical curve at high energies 
is in conformity again with Seetion II-S; and further 
substantiation to the argument regarding electron leskege 
and its correction, per Section [I-*-3, is the rise of the 


so¢ium point with configuration Bel. This indieates that 
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the effect of "seattering-in" of II-%-3(¢) predominates 
over the “compenseting" effect of (e) end (b), sane 
section. 

Thus, the mejority of our theory is confirmed. In 
generel, the anthrecene crystal is *Pair-equivelent™, bot 
crystal geometry must be considered in designing « 
seintiliation dosimeter for gamma anergies above 1.15 
Mev, since the effects of secondery electron leakage 
beeeme increasingly important with increasing energy, and 
these effeets ere apparently the ones which cause e 
devylation from true oir equivalence. Hound erystels of 
edout £0 aa diameter end 20 mm im tauliekness, surreunded 
with a lueite eylinder of wall thickness of wld mm would 
appear to be the best geometry, and experimentetion 


therewith is recozmended, 


C. Abtegnt et pogage Lvalustion. 

1. Procedure, 

In order to evaluate the doscges cs obtained from the 
integration of the curves nsx deseribed in Reetion [V¥-f-1, 
n XKoleket dosimeter wre obtained. The eslipration curves 
for this chamber are ineluded in Appendix B os Figures B-~13 
end S-l4, Tne dosimeter was placed in the ecrystal's 


position end runs made on all sources for 4 number of 
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hours necessary bo obtain a reasonable reading en the 


seale of £00 ar. The desinmeter run on ne”4 


ith ite 
short nalf-—life was serrected beex to the zero tine of 
the discrisginator run by the exsily derivable formule: 
ee 
in waion PD = total (lesa background) dosege mesuvroment, 
% = decry ecnstent, tb) a tine OF beginning dosimeter 
@zeosure, by, = time of anding exposure, Re = dase rate et 
sero time (beginning of discriminater run). & slaller 
formla was used to convert the reseding on 48.5 day Hg’? 
peck an interval af some 10 devs te She day of ites 
diseriuimator run. 

The dosage exposure runs required a good desl of 
axposure time, ag tse sean from the dose pates below. For 
thie reeson, it was not nossible te teke enough exvesures 
te eat s low stetisties] stendard deviation, as may be 
seen by Table IV¥-O-1, and, a& *ill be shown, the variation 
of window widta made further aottaapte Imeracticsi. 

S. Comparison of Comouted Posege end Kersvred 
(Dostmeter) Posege, 

Ag has been sentioned before, the window whith Az 


(in volte) varied from run te run in spite of ecrreful 
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cetting cf cero sete on the Cifferenticl @lseertiminz tor. 
It should be noted thet AY in Eev ie eleo a funetion of 


the position ef the yt 37 


poak, and is therefore subsaet 
to a swell error duc to the etstistical verietiens therein. 
In computing the Gate set forth in Table T¥-C-1 by the 
method of Eection IV-A-i, E in Kev wes computed using a 
window width of 1.8 + 0.1 volta, 2 conzervetive estinete 
of the error. Prom Table IV-C-1, 1t eon be geen tert only 
cunlitative ecnelusions cen be ¢rawn: The comvuted deanre 
rate genersliy sgrees with the neegured rete within 10 
nercemt. In general, it m@y be seid that this electronie 
diffieulty ealininetes the possivilite of waing this ecndpe 
ment to mergure jose rate, though tie value of the ecuipeent 
in establishinr the cfir-eentverience of anthrecene is not 
effeetat by the aiffienlty and the reevlte of IV-B above 


are perfeetiy valid, 
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9, 395745 .050 
0.77040.043 
3.18 40.16 
3.18 £0.16 


17.3 


#0.9 


€.93 40,7 


“5.8 


42.4 
+1.5 
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Ovserved 


(Dosimeter) 


DOSs ae 


0,.94440.8 
0. 94490.2 
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ot 4 


14.7 
14.7 
31.5 


31.8 


9.1% 


0,19 


+0.7 


Because of this wide seatter of ecouperative results, 


no étteapt hes been made te include en evaluction of the 


correction factors of Li-C-3(b). 


Nefore suen ecsculd be 


done, a method of accurate window width determination would 


be recuired (see Section V). 


The reeder is now referred to the following section 


for & summery of findings sné additional interpretation and 


éisecussion thereof, 
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From the experimental resulta t2 given in Geteil in 
ieetior, IV it cen be eunciudec thei 

i. Amtoracene ia essentiesily «ir-equivalent in the 
energy Tange consigerec, exeept os noted in (i) end (5) 
VeLOW. 

i. Deviations fvow sir-eduivelLenee will be ex erienced 
at inigher geen cnergies if tee scuntlsisting weciuc is 
not Large enougy te viiminate electron Leahege; or at tie 
jever gemma wuergivus if the eryotes as av lerge tint 
fara SGebtiering becomes Bpprecifioe. 

3. bBleetron Jevkege can be dinimized by surrounding 
the erystes. vite eae "8reilecting"™ material similar in 
conpesition to tue eanthrecene. 

&, Dosage mepsurements meade with the scintiilletion 
counter wero consistent situ thoge mede by an loniaation 
entiker, subject two tae inéegurecy luposed ¥Y Iindetersineey 
im differential diLecriminator window ridtr. 

S It appears to be very difficult to construet an 
electronic eireu.it to dlaplay the seintiizeter oust 
direetly in terms of cosage. A cirevit wes used waieh 


gave thie indilestion inéirectiy. 
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&. As Geseribed in Section IV-~f-1, a value of 1.08 
Mev for the weighted aversge energy (f) of the geame rays 
from « radiu= source with 0.5 wm pletinum filtretion was 
obtained. This is consistent with the reguits of sine’®*) | 
whe obteined 1.04 Sev, but somewhat higher than e ecomeuted 
value of 0.84 Zev using the spectrum civen by Zllis end 


(25) and using date from aviegon'?) to compute the 


Agton 
effect of Pt filtration. Other sreetre mentioned in the 
literature would give values tgreeing more closely rith 
the results obteined herein, out since the vélue of the 
veighted everage geonma ray energy of a spectrum as complex 
as radius is in doubt, nothing further can properly be 


coneluded here, 


B. ; for Future Investigations. 


Binee ecrystel size at higher energies is important 





further work shoulé be done in getting more cetailed 
guantitetive information on the effect. These deta will 
be imnortent to workers using the selntillation counter et 
energier above V1.5 ev. 

In order to make the systen using the differentiel 
G4seriminator give indlesetion of Geosage aceursts enough 
for research vurroses, a metnod of determining the exact 
window width aust be devised, Twe such methods sre 


fugrested: 
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(ea) Use of # seeler-tiner eirevit in eonjunetion 
“ith the ecuicment used by the authors; with diserinination 
level of sesler matened to the lower level of the differential 
diseriminator. In this wey, QA ean be determined by 
comparison with the measurement. of QO « H (Seetion 1V-A), 

(bo) Use of a vacuum tube voltmeter with recording 
equipment, to monitor O: in vwelta direetly seroses the 
pertieuler resistor in the differential ciserininator 
which provides the voltage difference OE. Aftor thins 
has been aecomplished mora work can be done on connrrring 
the doseage viven br the seintilletion counter with thet 
given by the eir Llonization chamber. 

In order te utilize the seintillation cetector ss «& 
preetieal instrument for inditesting dosage a sinple eleetronte 
ciresit must be designed to sum the rhotomultiplier outout 
over the nuaber of culses and pulse heights. One encroach 
is to rectify the cutout teken directly from the shetoe 
multinlier tube to aveid overshoot difficulties. Ter- 
Pogossian‘)) and the Clean-Kettering Institute 8) have 
Aeveloped tro such ecirevits but ne information has been 
published concerning their aceurecy, or other charectoristics, 

In conelusion, the authors wish to exsresa their 
sincere thanke to Pr. Roblevy 5. Evans for his invelueble 


counsel, advice, and enecoursegenent throughout the whole of 
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1. For air, the required infermetion is availeble 


fron Goodman») 


end its saceurney in CO end Oo, was 
checked by reeemputing oO snd co froxz > and en RS 
given in reference (15). In these eomputations, the 


pereentege by weight of sir wan used es fellows: 


Nitrogen 75.8 pereent 
Oxygen 23.82 pereent 
CO, ©.05 percent 


Rare gages 0.93 percent 


This gave n fisere of 5.007 x 10*3 electrons yer gram, in 


sgreenent with peat23) | waich when coabined with > sad 


1 


ao, end density in gns/em™ gives O and or in om ~. 


e- 8 
’. Por onthrseene and sodium fedide no reedy-nade 

eurven were evalinable and eeeh coefficient had to be 

erleulated by the use of appropriate formulas, taking the 


weight sereentage of each ealenent inte recount, 
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Anthracene (C5 .8i 9) 
Pereent hydrogen by weight = §, 81 
Percent earbon by weignt =34. 39 


Eleetrons per cram eniculetion: N = Avogadro!s number 


es | 

-~ - ALLLEITON AS ys 
Ht 0.0861 gms x dues x Se x AsbesiEeReg osen 
| — : = 


£3 





Therefore electrons/gm = 3,18 * 10 
p = density of enthracene = 1,.°5 gms/ee. 
Eogiue Jouide 
Percent Na by weight = 15,3 
Pereent I bv welght = 34.7 
fimiler computetion to enthraeene gives ©. 57% elect/en. 


p « density of sodium iodide erystel = 3.667 ga/ee. 


fhus for these two erysteuis, knowing the eleetrons/ga and p, 
we obtain oT Gud »o, fron reference (12), and compute T 
ond TO, O68 & Lunetion of Be 
The computetion of T emi A is «a bit more difficult. 
Mirst let us consider tur photoelectric effect. tee St) 
givea an eupirical phetoelectrie relation: 
ntel 
T/p = 60,0089 wll 


where 4 is the gamma wavelength: in angstroms; and tebulsetes 
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valves of a and of the coefficient of i." for various 


elewentst 
Seemen’ Coeiticsont pa 
re G08 3.08 
C L.5s 3,05 
qe 7. ed % 8S 


Therefore for anthracene, seighting essen coefficient by 


the percent abundsnor of the element, we obtain 


CT/8) wnt = | (0.0802) (9.00%) + (0.9439) (.18)| 1 3095 


~§ 
= £,067 = 30 ea™* (ky in Kev) 


» A095 
3 
¥ 


This weighting method was tppliled as 2 check to a determination 
of V/p for sir and the value obtained wes in agreement 
with publisned vwelues of ‘1 for sip) , 

We notice that the velue of n in 4" 4s not given for 
iodine, end it was therefore not possible to use the above 
methoc completely for sodium iodide, 

(T7/b) ne by Lea formula = ~'a ae * 107° su. 
. >» = gram 


py] 


Y 


From Victoreen*?*) we find 


('‘T/), = 1140 7 ~ 1162 4% iL in angatroms,. 
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Then by the usnel welenting, 
(T/p) cay = (0.153)(T/p),, + (0.847) (T/¢), 


from which formuls Veet was commuted, 

Pinelly, K wan computed for both erystele by use 
ef # leeé atenderd curve. Lend wea chosen beemuse ite 
theoretical pair production curve hes been well checked 
by exyperimentetinn. £ Project Rend report t®) trbuletes 
the stomie peir sreduetion coefficient Ta for lead where 
K Pa E, Sa? H being Avegudro's number, ¢ the density, and 


& the mass nvnber. 





K yond 


Sabstituting from spove, to obtain Px in teras of kaend 


velues? 
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Por snthraeens the constants evaluate to give 


a oer = 3 =} 
(K) oth ? 3eB2 x LO"? GS om 


For scdiuz iedide, we chtain 


(Kyat 7 887 x 107% ge on™ 


Prom these computations, the values ef gp and Pa 
were calculated for use in Seetion II. The veriation of 
A with Be is snow in Figure A-l, for anthracene and 


sodium iodide. 
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Figure A-| 


THEORETICAL VARIATION OF LINEAR 
ATTENUATION CONSTANT ‘p" 
with Gamma-Ray Energy for Sodium 

lodide and Anthracene 
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Figure B-l 


CALIBRATION OF SINGLE CHANNEL 
DIFFERENTIAL DISCRIMINATOR 
Model 2!0 
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Window Width = Bainmactor 8 volts 
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Figure B-2 


REPRESENTATIVE Cs’ ELECTRON 
CONVERSION LINE 
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Figure B-3 


SECONDARY ELECTRON SPECTRUM OF 
Hg®95 USING CRYSTAL CONFIGURATION A’ 


(AE =5/2 Kev) 
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Figure B-4 


SECONDARY ELECTRON SPECTRUM OF 
8000 Hg*9° USING CRYSTAL CONFIGURATION "B" 


(AE=7 24 Kev) 
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Ona Figure B-5 


SECONDARY ELECTRON SPECTRUM OF 
Cs'5* USING CRYSTAL CONFIGURATION A’ 
(AE=|5.5 Kev) 
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Figure B-6 
SECONDARY ELECTRON SPECTRUM OF 
Cs'54 USING CRYSTAL CONFIGURATION ‘B" 
a (AE=I8.6 Kev) 
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Figure B-/7 
SECONDARY ELECTRON SPECTRUM OF 


Co®° USING CRYSTAL CONFIGURATION "A" 
(AE =466Kev) 
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. Figure B -8 


SECONDARY ELECTRON SPECTRUM OF 
Coe USING CRYSTAL CONFIGURATION "B" 


(AE =330 Kev) 
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24,000 Figure B-9 - 
SECONDARY ELECTRON SPECTRUM OF Na 
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Figure B-IO 


SECONDARY ELECTRON SPECTRUM OF 
Na®* USING CRYSTAL CONFIGURATION "B" 
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Figure B-1| 


| SECONDARY ELECTRON SPECTRUM OF 
2200 Ra NEEDLE WITH 0.5mm Pt. FILTRATION 
USING CRYSTAL CONFIGURATION "A" 
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24,000 Figure B-l2 


SECONDARY ELECTRON SPECTRUM OF 
22000 Ra NEEDLE WITH 0.5mm Pt. FILTRATION 
USING CRYSTAL CONFIGURATION °B”" 


(AE =54.3 Kev) 
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Figure B-13 


CALIBRATION OF KELEKET DOSI- 
METER BY KNOWN EXPOSURES IN 


HEALTH PHYSICS LABORATORY 
APRIL 11, 1952 
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Figure B -I4 
CORRECTION FACTOR FOR KELEKET DOSIMETER 


(corrects for variation in response to lower gamma 
ray energies). As distributed by manufacturer. 





Correction factor = unity to 
Ey = 3 Mev 
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